Breast cancer is the most commonly diagnosed malignancy and the leading cause of cancer-related deaths of women worldwide. The recognised factors associated with the increased risks of breast cancer include genetic mutations (*breast cancer 1, early onset* (*BRCA1*), *breast cancer 2, early onset* (*BRCA2*), *TP53* and *partner and localizer of BRCA2* (*PALB2*) and so on), obesity, menstrual history and status, reproductive history and lifestyle ([@bib29]). Nutritional status and dietary factors may also contribute to breast cancer development. It was estimated that approximately one-third of all cancer deaths could have been prevented by appropriate dietary modification ([@bib33]). Previous studies have suggest that increased consumption of total dietary fibre, total dairy intake, vitamin D, vitamin A or soy isoflavone consumption may reduce breast cancer risk ([@bib20]; [@bib7]; [@bib13]). These results highlight potential benefits for breast cancer prevention through dietary modification.

Folate plays important roles in DNA synthesis and DNA methylation that are essential for DNA integrity maintenance and gene expression regulation. Folate deficiency may lead to *S*-adenosylmethionine depletion, DNA methylation alteration and disruption of genome integrity and DNA repair process that may collectively alter the expression of critical tumour suppressor genes and oncogenes ([@bib10]). During the past several decades, many epidemiological studies have been conducted to evaluate the relationship between folate intake or blood folate levels and the risk of breast cancer. Several studies have suggested that high folate intake or high blood folate level may reduce the risk of breast cancer, especially for those with high alcohol consumption ([@bib56]; [@bib5]); however, other studies found no such associations ([@bib74]; [@bib37]). Considering the inconsistent results generated from various epidemiological studies, we conducted the meta-analysis studies with larger sample size compared with two previous meta-analysis studies ([@bib44]; [@bib38]), which assumed a linear relationship between the folate intake level and the breast cancer risk, to examine currently available epidemiological data and determine whether any associations exist between folate intake, circulating folate level and breast cancer susceptibility. In addition, the dose effect of folate intake and breast cancer risk was also evaluated based on the published epidemiological studies. We also further tested whether the association between folate intake and breast cancer risk could be modified by alcohol consumption that negatively regulates folate absorption and metabolism.

Materials and Methods
=====================

Study selection
---------------

We searched the MEDLINE and PubMed databases for relevant studies published updated to January, 2014. To minimise the restrictions, the terms *breast cancer* in combination with *folate* or *folic acid* were used in the literature search. The references of the retrieved publications were checked to identify any missing studies. Only studies reported in English were included. The study was conducted following the MOOSE statement and the PRISMA guidelines.

Two authors (PC and CL) independently reviewed the retrieved abstracts or manuscripts to determine the eligibility of the studies for inclusion in our meta-analysis. Published studies were selected based on the following criteria: (1) a prospective, case--control or cross-sectional study design; (2) reported an association between folate intake or circulating folate levels in categories and breast cancer risk; (3) provided the relative risk (RR) or odds ratio (OR) estimates and their 95% confidence intervals (95% CIs) or sufficient data to calculate the estimates for the higher category exposure level compared with the lowest category level. As a result, we identified 49 eligible studies from a total of 1051 published studies. The working flowchart for selecting the eligible studies is briefly explained in [Figure 1](#fig1){ref-type="fig"}.

Data extraction
---------------

The following data were extracted from each identified study: the first author\'s last name, publication year, study type and study period, location or ethnicity of participants in the studies, sample size, menopausal status, categories of folate intake or serum folate levels, and risk estimates (RRs or ORs) with its 95% confidence intervals for highest category *vs* the lowest category and the adjusted covariates in the statistical analysis. If available, we extracted the estimates that reflected the greatest degree of adjustment for potential confounders; otherwise, we calculated the estimates and their 95% CIs based on the available data.

Quality appraisal of the studies
--------------------------------

The quality of the selected studies was independently assessed by two authors (PC and CL), and the discrepancies were resolved by discussion with the third author (HW). The appraisal followed the guidelines of the modified Newcastle--Ottawa Quality Assessment Scale (NOS) documents. For case--control or cohort studies, a total of nine points were designated according to the basic characteristics of the studies including: (1) selection, total score: 4; (2) comparability, total score: 2; and (3) exposure (case--control)/outcome (cohort), total score: 3. The quality for the cohort studies and the case--control studies were assessed independently. For cohort studies, four points were awarded if the cohort was performed in the fixed community and all the cases were identified in the following-up time of the cohort, no breast cancer was identified when the participants were recruited and the dietary and total folate intake level was derived from the structured interview in the selection category. In the comparability category, two points were awarded if the study controlled for age, body mass index, age at first birth, age at menarche, age at menopause, menopausal status, use of oral contraceptives, use of postmenopausal hormones, family history of breast cancer, history of benign breast disease and the alcohol intake. For the outcome category, three points were awarded if the breast cancer patients were identified with the medical records or the national disease agencies, with median or mean follow-up time of \>10 years and \>90% follow-up rate. For the nested case--control studies and the case--control studies, four points were awarded for the selection category if the cases were confirmed with hospital/medical records in specific medical centres, the controls were selected with no history of the breast cancer and from the same community of the cases. For comparability category, two points were awarded if the study controlled for covariants as listed above for the cohort studies. In the outcome category, three points were awarded if the assessment of exposure was based on structured interview or secure lab test and the same method was applied to the cases and controls in addition to the similar response rate for the cases and controls.

Statistical analysis
--------------------

We used the inverse variance weighting method to calculate the summary estimate and related 95% CI. The RRs and ORs with their 95% CIs for the highest category in comparison with the lowest category for each study were extracted or calculated, and the ORs from nested case--control studies were assumed as the estimates of the RRs for prospective studies. The squared inverse variance for the logarithm RR/OR was considered as the appropriate weight for each study. We used the standard fixed-effect model as well as the DerSimonian and Laird random-effects model that considers both within- and between-study variations. When the risk estimates were provided in a stratified way (such as by menopausal status, oestrogen status, alcohol use) in the original report, we calculated the pooled estimate for each study before the final meta-analysis unless the stratification analysis was conducted. For studies having overlapping participants, the most completed one or the one with largest sample size was used to evaluate the overall association between dietary or total folate intake level and the breast cancer risk; however, the one with the most detailed information related to the stratification factors was included in the stratification studies to assess the association between folate intake level and breast cancer sufficiently.

In the dose-response meta-analysis of folate intake and breast cancer risk, we first used the methods reported by [@bib26] and [@bib54]) to compute the study-specific dose-response effects from the correlated log RR or log OR estimates across the categories for folate intake. For any report that did not provide the distribution of case patients and control subjects by exposure category, we estimated the slopes with the variance-weighted least squares regression model as suggested by [@bib38]). Then, the individual estimates were pooled with the inverse variance weighting method to calculate the overall estimates for folate intake (per 100 *μ*g per day increment) and breast cancer risk. To estimate the dose-response trend for log RRs or log ORs across exposure categories, we applied the generalised least squares regression model ([@bib26]) to pool the prospective studies and the case--control studies that have reported dose-specific RRs/ORs for dietary or total folate intake and breast cancer risk, respectively. We examined the potential nonlinear dose-response relationship between folate intake levels and breast cancer risk by modelling folate intake levels using restricted cubic splines with three knots at 10%, 50% and 90% percentiles of the folate intake distribution. To reduce potential statistical bias, at least four eligibility individual studies were pooled with the generalised least squares regression model in the stratification studies. The *P-*value for nonlinearity test was determined by testing the null hypothesis that the coefficient of the second spline is equal to 0.

The Cochrane *Q*-test and *I*^2^ statistics were used to evaluate the statistical heterogeneity among studies under the assumption of random-effects model. A *P*-value of \<0.05 for *Q*-test or *I*^2^ \>25% was considered statistically significant heterogeneity among the studies. If significant heterogeneity was detected, the results for the random-effects model were used as a more appropriate model for interpretation compared with the fixed-effects model. To identify any potential publication bias, the funnel plots and Egger\'s linear regression test were executed, and significant publication bias was considered when the *P-*value was \<0.05. When significant publication bias for folate intake or circulating folate level and breast cancer risk was identified, the trim and fill method was used to adjust the publication bias ([@bib15]). All statistical analyses were conducted with R software (version 2.14.2) and the Meta package for R ([www.r-project.org](http://www.r-project.org)), the Stata statistical software (version 12.0, StataCorp, College Station, TX, USA) and the Review Manager (version 5.2.4, The Nordic Cochrane Centre, Copenhagen, Denmark).

Results
=======

Study characteristics for folate intake and breast cancer risk
--------------------------------------------------------------

Based on our literature search, we identified 21 prospective cohort studies ([@bib78]; [@bib56]; [@bib61], [@bib62]; [@bib9]; [@bib19]; [@bib60]; [@bib2]; [@bib79]; [@bib68]; [@bib36]; [@bib8]; [@bib17]; [@bib31]; [@bib37]; [@bib14]; [@bib52]; [@bib59]; [@bib67]; [@bib66]; [@bib3]), 4 prospective nested case--control studies ([@bib40]; [@bib72]; [@bib45]; [@bib51]) and 29 case--control studies ([@bib25]; [@bib21]; [@bib71]; [@bib55]; [@bib57]; [@bib53]; [@bib43]; [@bib65]; [@bib63]; [@bib1]; [@bib81]; [@bib64]; [@bib6]; [@bib35]; [@bib11]; [@bib69]; [@bib22]; [@bib48], [@bib49]; [@bib4]; [@bib41]; [@bib76]; [@bib50]; [@bib77]; [@bib42]; [@bib70]; [@bib30]; [@bib75]; [@bib23]) that evaluated folate intake level and breast cancer risk ([Figure 1](#fig1){ref-type="fig"}). Detailed characteristics of the studies are provided in the [Supplementary Tables 1--3](#sup1){ref-type="supplementary-material"}. Among the 25 prospective studies (including cohort studies and nested case--control studies), 9 studies ([@bib78]; [@bib56]; [@bib62]; [@bib9]; [@bib19]; [@bib60]; [@bib2]; [@bib51]; [@bib59]) were conducted in the same populations as the other 8 studies ([@bib61]; [@bib79]; [@bib72]; [@bib8]; [@bib31]; [@bib52]; [@bib67]; [@bib3]). Thus, only the most completed or detailed results of the studies were included in the following meta-analysis or stratification studies. Among the 16 included individual prospective studies, including 14 cohort studies ([@bib78]; [@bib61]; [@bib79]; [@bib68]; [@bib36]; [@bib8]; [@bib17]; [@bib31]; [@bib37]; [@bib52]; [@bib59]; [@bib67]; [@bib66]; [@bib3]) and 2 nested case--control studies ([@bib40]; [@bib45]), 10 were conducted in North America, 4 in Europe, 1 in Australia and 1 in China. Overall, the 14 individual prospective cohort studies included a total of 738 769 participants with 24 168 breast cancer cases with the median follow-up of 12 years (range from 6 to 20 years; [Supplementary Table 1](#sup1){ref-type="supplementary-material"}). Of the two included prospective nested case--control studies, a total of 2037 breast cancer patients and 3262 controls were included ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). The NOS quality points of the prospective studies are provided in the [Supplementary Table 4](#sup1){ref-type="supplementary-material"}. For prospective cohort studies, 10 were categorised as higher quality (NOS point \>5) and 4 were lower quality (NOS point ⩽5). The two nested case--control studies were categorised as higher quality.

Among the identified 29 case--control studies that evaluated the association between breast cancer risk and folate intake ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}), we excluded three studies conducted by [@bib64], [@bib30]) and [@bib53]) from the meta-analysis because of the overlapping participants with studies conducted by [@bib65]), [@bib69]) and [@bib70]), respectively. Thus, 12 population-based case--control studies and 14 hospital-based case--control studies were included. The 26 studies had recruited a total of 16 826 cases and 21 820 controls, and 10 studies were conducted in North America, 9 in Asia, 6 in Europe, and 1 in Brazil. Of them, 25 studies and 3 studies evaluated the dietary and total folate intake level and breast cancer risk, respectively. The NOS quality points of the studies are provided in [Supplementary Table 5](#sup1){ref-type="supplementary-material"}. Of these, 18 were categorised as higher quality (NOS point \>6) and 8 were assigned as lower quality (NOS point ⩽6).

Folate intake and breast cancer risk
------------------------------------

From the meta-analysis of the prospective studies, no significant association between dietary folate intake and breast cancer risk was found (pooled RR=0.95; 95% CI=0.87--1.03; [Figure 2](#fig2){ref-type="fig"}) for those in the highest category of dietary intake compared with those in the lowest category ([Table 1](#tbl1){ref-type="table"}). However, Egger\'s test suggested that significant publication bias existed (*P*=0.023). When we applied the trim and fill methods to adjust for the publication bias, we still found no significant reduced breast cancer risk for those with highest category dietary folate intake (pooled RR=1.04; 95% CI=0.94--1.15). The higher total folate intake also showed no reduction of breast cancer risk (pooled RR=0.97; 95% CI=0.87--1.08; [Figure 3](#fig3){ref-type="fig"}) under the random-effects model. Participants who took folate supplements had no reduced breast cancer risk compared with those who did not (pooled RR=1.07; 95% CI=0.95--1.21; [Table 1](#tbl1){ref-type="table"}). In the stratification analysis of folate intake and breast cancer risk by the quality of the studies, menopausal status of the women, the ethnicity of the participants, oestrogen receptor (ER) status for the breast cancer patients and whether the estimate was adjusted for the alcohol intake in the individual studies, we found no statistically significant heterogeneity for the summary estimate between the stratifications ([Table 1](#tbl1){ref-type="table"}).

For the 25 case--control studies, the pooled OR was 0.79 (95% CI=0.67--0.92; [Table 2](#tbl2){ref-type="table"}) for participants with highest category of dietary folate intake compared with those of lowest category, suggesting that higher dietary folate intake may reduce breast cancer risk ([Figure 4](#fig4){ref-type="fig"}). However, Egger\'s test suggested that significant publication bias may exist for the studies (*P*=0.006). When the trim and fill method was applied for the publication bias adjustment, we found no significant association between dietary folate intake and breast cancer risk, with the pooled OR of 0.99 (95% CI=0.84--1.16) under the random-effects model (*I*^2^=86.1%, [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). There was also no significant reduction of breast cancer risk for highest category of total folate intake compared with those of lowest category (pooled OR=0.87; 95% CI=0.61--1.23; [Table 2](#tbl2){ref-type="table"}). No significant publication bias was found for the meta-analysis study of total folate intake and breast cancer risk. In the stratification studies of dietary folate intake and breast cancer risk, we found that higher dietary folate may reduce the breast cancer risk in the populations of Europe, Australia or Asia (pooled OR=0.73; 95% CI=0.58--0.93) but not in the United States (pooled OR=0.91; 95% CI=0.76--1.09). The pooled estimate from the hospital-based case--control studies suggested that subjects in the highest category of dietary folate intake showed a 33% decrease in breast cancer risk (pooled OR=0.67; 95% CI=0.54--0.85; [Table 2](#tbl2){ref-type="table"}), whereas the population-based studies did not find such an association ([Table 2](#tbl2){ref-type="table"}). After stratifying the estimate of the dietary folate intake according to the adjustment of alcohol intake, we found that the pooled OR was 0.74 (95% CI=0.60--0.92; trim and fill-adjusted pooled OR=0.97, 95% CI=0.79--1.17) for those studies without alcohol adjustment. The pooled OR was 0.84 (95% CI=0.66--1.06) for those studies with alcohol intake adjustment ([Table 2](#tbl2){ref-type="table"}). Pooled estimate for the studies with higher-quality studies suggested that higher folate intake may reduce the breast cancer risk, but not for the studies with lower quality ([Table 2](#tbl2){ref-type="table"}).

As there were significant variations for the categories of folate intake between the studies under the assumption of a linear dose-effect relationship between folate intake and breast cancer risk as indicated by the two previous meta-analysis studies ([@bib44]; [@bib38]), we first normalised the association between folate intake and breast cancer risk for an increment of 100 *μ*g per day for each study. We found that an increment of 100 *μ*g per day intake was not in significant association with breast cancer risk for dietary folate (pooled RR=1.00; 95% CI=0.98--1.01) or total folate (pooled RR=1.00; 95% CI=0.995--1.013) for the prospective studies under the assumption of a linear dose-effect relationship between folate intake and breast cancer risk. No publication bias was found for the meta-analyses (Egger\'s test, *P*=0.228 and 0.377, respectively). However, when we evaluated the dose-effect relationship for dietary folate and the breast cancer risk with the generalised least squares regression model, a statistically marginal significant departure from linearity (*P* for linearity=0.080, [Figure 5](#fig5){ref-type="fig"}) was found for the prospective studies. We noticed a U-shaped dose-effect relationship for the daily folate intake level and the breast cancer risk. There was a significant decreased risk for breast cancer risk for participants with the daily dietary folate intake between 153 *μ*g and 400 *μ*g compared with those of \<153 *μ*g ([Figure 5](#fig5){ref-type="fig"}). Women with dietary folate intake of \>400 *μ*g showed a reduced but not statistically significant breast cancer risk compared with those of \<153 *μ*g. In contrast, a linear dose-effect relationship for the total folate intake and breast cancer risk was found (*P*=0.781, [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}) for the prospective studies without any evidence for the preventive effects of total folate intake against breast cancer risk. We also evaluated the dose-effect relationship between dietary/total folate intake level and breast cancer risk for prospective studies with the stratification of study quality (higher/lower), study region (USA/other countries) and menopausal status (pre-/post-menopausal). The results for the stratification studies are provided in [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}.

For case--control studies, we found that a 100 *μ*g per day increment of dietary folate intake led to a 5% decrease of breast cancer risk (pooled OR=0.95, 95% CI=0.92--0.98) under random-effects model when the study-specific estimate was pooled, and marginal publication bias was found (Egger\'s test, *P*=0.045). When we applied the trim and fill methods to adjust the potential publication bias, we found statistically marginal reduced breast cancer risk for the 100 *μ*g per day increased dietary folate intake (pooled OR=0.97, 95% CI=0.94--1.01). When we performed the generalised least squares regression model to evaluate the dose-effect relationship for the dietary folate intake and breast cancer risk for the case--control studies, a statistically marginal significant departure from the linearity model was found (*P*=0.069, [Figure 6](#fig6){ref-type="fig"}). A significantly reduced breast cancer risk was noticed under the assumption of the linearity and the nonlinearity models for women with higher dietary folate intake compared with those with dietary intake \<130.5 *μ*g per day. A 100 *μ*g per day increase of dietary folate leads to an ∼9% reduction in breast cancer risk (OR=0.91; 95% CI=0.86--0.97). The associations between the dietary folate intake level and breast cancer risk in the stratification of quality of the studies (higher/lower quality), menopausal status (pre-/post-menopausal), study region (USA/other countries) and hormone receptor status (ER positive/negative) are provided in the [Supplementary Figure 4](#sup1){ref-type="supplementary-material"}.

Interaction of alcohol consumption with folate and breast cancer risk
---------------------------------------------------------------------

As alcohol consumption may negatively influence folate status and metabolism, we further tested whether the association between folate intake and breast cancer risk can be modified by alcohol assumption status. Three prospective studies and three case--control studies providing detailed results on dietary folate intake in relation to breast cancer risk along with stratification of alcohol consumption ([@bib78]; [@bib53]; [@bib56]; [@bib43]; [@bib37]; [@bib30]) were identified. Four of the six independent studies showed significant inverse association between folate intake and breast cancer risk for women who had consumed relatively higher amounts of alcohol, and the summary risk estimates also suggested that higher folate intake may reduce breast cancer risk for those with high alcohol intake, with a pooled OR of 0.60 (95% CI=0.45--0.82; *I*^2^=57%) under the random-effects model ([Figure 7](#fig7){ref-type="fig"}); however, no such association was found for those women with lower or never alcohol intake (pooled OR=0.92; 95% CI=0.79--1.07; *I*^2^=63% [Figure 7](#fig7){ref-type="fig"}). Egger\'s test suggested that there was no publication bias in the meta-analysis analysis (higher alcohol intake, *P*=0.663; lower alcohol intake, *P*=0.509). These data suggested that alcohol intake may modulate the association between folate intake and breast cancer risk, and folate may have preventive effects against breast cancer, especially for those women with higher alcohol intake.

Serum folate level and breast cancer risk
-----------------------------------------

We identified 12 studies ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}) that evaluated the circulating folate level and breast cancer risk ([@bib74]; [@bib24]; [@bib80]; [@bib5]; [@bib28]; [@bib12]; [@bib58]; [@bib11]; [@bib45]; [@bib18], [@bib16]; [@bib46]). Of these, the four studies ([@bib80]; [@bib12]; [@bib16]; [@bib46]) that had performed in the same populations as the other four studies ([@bib28]; [@bib11]; [@bib45]; [@bib18]) were excluded for the meta-analysis. For the eight studies that met the inclusion criteria, four were nested case--control studies ([@bib74]; [@bib80]; [@bib45]; [@bib18]) and three were case--control studies ([@bib24]; [@bib5]; [@bib12]). The 7 studies recruited a total of 2467 cases and 2888 controls. Another prospective cohort study that included 569 participants and 19 outcome patients evaluated the association between blood folate level and breast cancer risk ([@bib58]). Of them, four reports were carried out in United States, two in Australia, one in Sweden and one in China. Only the population-based case--control study conducted by [@bib5]) reported a significantly reduced breast cancer risk for those with the highest quantile of circulating folate level compared with those in the lowest quantile, whereas other studies found no such association. From the meta-analysis of the relevant studies, we found significant association between the circulating folate level and breast cancer risk from neither prospective studies (pooled RR=1.04; 95% CI=0.76--1.42; *I*^2^=58%) nor case--control studies (pooled OR=0.59; 95% CI=0.26--1.31; *I*^2^=78%) under the random-effects model. Statistically significant heterogeneity among studies was found for both meta-analysis analyses, whereas no significant publication bias was found (*P*=0.837 for prospective studies and *P*=0.118 for case--control studies).

Discussion
==========

Two previous meta-analyses have evaluated folate intake, circulating folate level and breast cancer risk ([@bib44]; [@bib38]), based on 9 prospective studies and 14 case--control studies. Both studies found no clear evidence for significant association between folate intake or blood folate levels and breast cancer risk; however, they detected disagreements for the results from prospective studies and case--control studies. Both studies found that the pooled estimates of the case--control studies suggested a statistically significant association between dietary folate intake and breast cancer risk, but not for the prospective studies; however, the dose-response effects for folate on breast cancer risk were not extensively evaluated because of limited data ([@bib44]; [@bib38]). For the current meta-analysis, we included 16 prospective studies and 26 case--control studies that examined the association of folate with breast cancer risk. Our results suggested that higher dietary or total folate intake may not be associated with decreased breast cancer risk under the linearity relationship model for the prospective studies but have a significant negative correlation between breast cancer risk and dietary folate intake for the case--control studies, consistent with the two previous meta-analysis studies. Interestingly, with the generalised least squares regression model, we found that the dose effect of dietary folate level and breast cancer risk was departure from the linearity, and a U-shaped relationship was noticed between the dietary folate intake level and breast cancer risk for the prospective cohort studies. A significantly reduced breast cancer risk was found for women with daily dietary folate intake between 153 and 400 *μ*g compared with those \<153 *μ*g for the prospective studies, whereas women with daily dietary folate intake exceeding 400 *μ*g did not show a significant reduction in breast cancer risk. No evidence was noticed for the association between total folate intake and breast cancer risk for the prospective studies. The pooled estimate for the case--control studies suggested a significant negative correlation between daily dietary folate intake and breast cancer risk, and a 100 *μ*g per day increment of dietary folate confers an ∼9% reduction in breast cancer risk compared with those \<130.5 *μ*g per day. In addition, we found that a higher folate intake may reduce the breast cancer risk for women with higher alcohol consumption but not for those with lower alcohol consumption. These data suggested a potential preventive effect of folate against breast cancer risk; however, more epidemiological studies especially the intervention studies are warranted to further address the questions.

When the breast cancer risk estimates for the highest *vs* the lowest category of the dietary folate intake or the estimates that reflected the 100 *μ*g per day standardised increment of dietary folate for the prospective studies were applied to calculate the summary association estimate, we found a null association between dietary folate intake and breast cancer risk. However, the generalised least squares regression model suggested a U-shaped relationship between folate intake and breast cancer risk, consistent with previous hypothesised statements ([@bib73]). We found that the linearity dose-effect model is prone to underestimate the preventive effects for folate against breast cancer compared with the nonlinearity model ([Figure 5](#fig5){ref-type="fig"}). The U-shaped relationship between folate intake level and breast cancer risk also suggested that the preventive effects of folate against breast cancer is usually underestimated through comparing the highest *vs* the lowest category of dietary folate intake level. It has been suggested that folate may play a dual role in cancer development: increasing folate may prevent tumour development before the existence of preneoplastic lesions, whereas folate supplementation may promote tumour progression if the preneoplastic lesions are present ([@bib73]). Animal experiments also suggested that modest folate supplementation could reduce colorectal carcinogenesis, whereas excessive folate supplementation could lead to an enhanced tumour growth ([@bib34]; [@bib73]). Folic acid could enhance the DNA methylation-mediated transcriptional silencing of APC, PTEN and RAR*β*2 tumour-suppressor genes in breast cancer that may lead to increased breast cancer risk ([@bib47]). These studies indicated that excessive folate intake may not only accelerate DNA synthesis but also influence the one-carbon metabolism homeostasis that may lead to breast cancer development. For the case--control studies, although the primary pooled results from the case--control studies suggested that women in the highest category of folate intake showed a statistically significant decreased breast cancer risk, there were significant publication bias existing as suggested by Egger\'s test. When the trim and fill method was applied for the adjustment for the publication bias, no significant association between folate intake and breast cancer risk under the assumption of linearity relationship for fotale intake and breast cancer risk was noticed. In the stratification studies, we found that highest category of folate intake confers a prominent reduced breast cancer risk for postmenopausal women, studies with higher quality, studies with a hospital case--control design or without adjustment for alcohol ([Table 2](#tbl2){ref-type="table"}). We also found that the higher folate intake showed significant preventative effects for breast cancer for populations out of the United States, but not for the US populations. Generalised folic acid fortification of flour and cereal grain products at a level of 140 *μ*g per 100 g has been mandated in the United States and Canada since 1996. Thus, the protective effects from folate intake may be weaker in these populations with a relatively higher folate intake level. Whether higher folate would reduce breast cancer risk in the populations without folate fortification or lower folate intake level still need further investigations. With the generalised least squares regression model, we also found a significant negative correlation between the breast cancer risk and folate intake level under the assumption of both linearity and nonlinearity dose-effect models, although no U-shaped relationship between dietary folate intake level and breast cancer risk was noticed. These results suggested that the doses and intervention time are critical for preventive effects of folate against breast cancer.

Some studies suggested that for subjects with moderate or high level of alcohol intake, higher folate intake may lead to a reduced risk of breast cancer. It is known that alcohol could influence the absorption and metabolism of folate ([@bib27]), and the discrepant results for the preventive effects for folate intake between high and low alcohol consumption group could probably be attributed to the impairment of folate absorption and metabolism by alcohol that render individuals with high alcohol intake to be more susceptible to the protective effect of folate intake, despite that moderate alcohol intake may not influence serum folate concentrations ([@bib39]). Nevertheless, it should be noted that participants with relative higher alcohol intake appeared to be less conscious about health and are likely to have relatively lower folate intake that may lead to the lower basal level of folate than those consuming low or no alcohol ([@bib68]). On the other hand, folate intake may also modify alcohol-induced breast cancer susceptibility. Alcohol consumption, resulting in elevated oestrogen and androgen concentrations, was reported to increase breast cancer risk; and folate intake may attenuate such effect ([@bib2]; [@bib68]; [@bib14]; [@bib32]). The interactive effect between folate and alcohol intake on breast cancer risk still needs to be evaluated in future studies.

Consistent results were found for the prospective and the case--control studies regarding the preventive effects of folate on breast cancer risk; however, the results should be interpreted carefully as dietary folate mainly from leafy vegetables, legumes, egg yolk, baker\'s yeast and so on that also contain other nutrients may lead to reduced breast cancer risk, and the preventive effects of folate that were noticed here may be conferred by other factors. Secondly, the dose-effect relationship pattern for the dietary folate intake level and the breast cancer risk was different between the prospective and the case--control studies. A U-shaped relationship between folate intake level and breast cancer risk was identified in the prospective studies ([Figure 5](#fig5){ref-type="fig"}), whereas a consecutive trend of reduced breast cancer was found for women with high folate level for the case--control studies ([Figure 6](#fig6){ref-type="fig"}). Patients in the case--control studies usually overestimate their lack of folate intake when they are subconsciously informed that folate could be a favourable nutrient, and hence the case--control studies are more prone to suffer from recall bias and selection bias. The U-shaped relationship is hard to be identified in the case--control studies. However, the patterns for the association between folate intake and breast cancer risk need further investigations, and especially the most favourable folate intake doses should be elucidated. Thirdly, participants would probably change their living habits during the follow-up for the prospective studies, as most of the studies did not update dietary information during the follow-up studies. Misclassification of the long-term folate intake level may also have been introduced for many of the prospective studies, as the flour and cereal grain products in the United States have been fortified with folic acid since 1998. For those prospective studies covered pre- or post-fortification period, the studies may underestimate the dietary folate intake level as they usually assessed the baseline intake level. Fourthly, whether the food frequency questionnaires (FFQs) used in prospective and case--control studies could objectively reveal folate intake level from foods or supplements remains unknown. Farming techniques, climate, soil content, craftsmanship and others could be the possible influencing factors for folate contents in foods or supplements. Finally, differences in sample size, study region, study design and methods of assessment may cause heterogeneity among studies that may contribute to the differences in the stratification analysis, especially for the case--control studies. Thus, more well-designed epidemiological studies are warranted to further evaluate the preventive effects of folate against breast cancer risk.

In conclusion, our findings have revealed the potential nonlinearity dose effect for dietary folate level against breast cancer risk for the prospective and case--control studies, and modest folate intake may reduce the breast cancer risk. We also found that folate may reduce breast cancer risk for women with high alcohol intake but not for those with lower alcohol intake. Considering the complexity of pathways of folate metabolism and utilisations, the dose and timing of folate intake should be taken into consideration, and more prospective studies and intervention studies are necessary for further evaluation of the effects of folic acid fortification according to specific dietary habits or genetic background of different populations.
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![**Working flowchart for study selection and data acquisition.**](bjc2014155f1){#fig1}

![**The pooled RR of breast cancer for women in the highest category of daily dietary folate intake level compared with those in the lowest category for the prospective studies.**](bjc2014155f2){#fig2}

![**The pooled RR of breast cancer for women in the highest category of daily total folate intake level compared with those in the lowest category for the prospective studies.**](bjc2014155f3){#fig3}

![**Forest plot of the summary OR of breast cancer for women in the highest category of dietary folate intake compared with those in the lowest category for the case--control studies.**](bjc2014155f4){#fig4}

![**Dose-response relationship for dietary folate intake level and the RR of breast cancer for the prospective studies.** The median value of the lowest category interval (153 *μ*g per day) was used as referent baseline level (*P* for linearity=0.080).](bjc2014155f5){#fig5}

![**Dose-response relationship for dietary folate intake level and the OR of breast cancer for case--control studies.** The median value of the lowest category interval (130.5 *μ*g per day) was used as referent baseline level (*P* for linearity=0.069).](bjc2014155f6){#fig6}

![**Association between dietary folate intake and breast cancer risk may be modified by alcohol consumption status of the women.**](bjc2014155f7){#fig7}

###### Summary RR for the association between folate intake level and breast cancer risk of the prospective studies (highest *vs* lowest category)

  **Stratification group**   **No. of study**   **Fixed-effect model, RR (95% CI)**   **Random-effects model, RR (95% CI)**    ***Q*****/d.f.**   ***I***^**2**^   ***P***  **Egger\'s test**
  -------------------------- ------------------ ------------------------------------- --------------------------------------- ------------------ ---------------- --------- -------------------
  **Intake means**                                                                                                                                                          
  Total                      11                 0.99 (0.94--1.04)                     0.97 (0.87--1.08)                            29.86/10           66.5%        \<0.001  0.384
  Dietary                    15                 0.99 (0.94--1.04)                     0.95 (0.87--1.03)                            41.43/14           66.2%        \<0.001  0.023
  Supplement                 3                  1.07 (0.96--1.19)                     1.07 (0.95--1.21)                             2.56/2            21.7%         0.288   0.613
  **Menopause status**                                                                                                                                                      
  Postmenopause (DF)         9                  0.98 (0.92--1.05)                     0.94 (0.81--1.08)                            26.05/8            69.3%         0.001   0.264
  Premenopause (DF)          3                  1.05 (0.86--1.28)                     1.02 (0.62--1.67)                             7.63/2             74%          0.022   0.927
  Postmenopause (TF)         7                  1.01 (0.95--1.09)                     1.00 (0.88--1.14)                            16.06/6            62.6%         0.013   0.520
  Premenopause (TF)          1                  NA                                    NA                                              NA                NA           NA     NA
  **Ethnicity**                                                                                                                                                             
  North American (DF)        10                 1.03 (0.97--1.09)                     0.98 (0.90--1.08)                            19.28/9            53.3%         0.023   0.003
  Others (DF)                5                  0.92 (0.85--0.99)                     0.88 (0.72--1.08)                            17.53/4            77.2%         0.002   0.544
  North American (TF)        9                  0.98 (0.93--1.04)                     0.98 (0.88--1.08)                            21.46/8             63%          0.006   0.528
  Others (TF)                2                  1.06 (0.86--1.31)                     0.86 (0.40--1.85)                             7.96/1            87.4%         0.005   NA
  **ER status**                                                                                                                                                             
  ER+ (DF)                   5                  1.07 (0.98--1.17)                     1.07 (0.98--1.17)                             3.46/4              0%          0.484   0.205
  ER-- (DF)                  6                  0.95 (0.82--1.09)                     0.95 (0.82--1.09)                             1.31/5              0%          0.934   0.542
  ER+ (TF)                   2                  0.99 (0.89--1.11)                     0.99 (0.89--1.11)                             0.09/1              0%          0.763   ---
  ER− (TF)                   3                  0.86 (0.72--1.02)                     0.86 (0.72--1.02)                             1.41/2              0%          0.494   0.469
  **Alcohol**                                                                                                                                                               
  Alcohol adjusted (DF)      12                 1.00 (0.95--1.05)                     0.95 (0.86--1.06)                            38.05/11           71.1%        \<0.001  0.056
  Alcohol unadjusted (DF)    3                  0.92 (0.79--1.07)                     0.91 (0.77--1.08)                             2.34/2            14.6%         0.31    0.199
  Alcohol adjusted (TF)      8                  0.97 (0.91--1.03)                     0.92 (0.81--1.05)                            23.29/7            69.9%         0.002   0.164
  Alcohol unadjusted (TF)    3                  1.06 (0.95--1.19)                     1.10 (0.90--1.34)                             4.74/2            57.8%         0.094   0.469
  **Study quality**                                                                                                                                                         
  Higher (DF)                11                 1.00 (0.95--1.06)                     0.93 (0.84--1.04)                            29.50/10           66.1%         0.001   0.004
  Lower (DF)                 4                  0.95 (0.86--1.04)                     0.97 (0.82--1.16)                            10.66/3            71.8%         0.014   0.302
  Higher (TF)                8                  0.98 (0.91--1.05)                     0.92 (0.80--1.06)                            22.14/7            68.4%         0.002   0.100
  Lower (TF)                 3                  1.00 (0.92--1.10)                     1.08 (0.88--1.32)                             7.52/2            73.4%         0.023   0.185

Abbreviations: 95% CI= 95% confidence interval; DF=dietary folate; ER=oestrogen receptor; NA=not applicable; RR=relative risk; TF=total folate.

###### Summary OR for the association between folate intake and breast cancer risk of the case--control studies (highest *vs* lowest category)

  **Stratification group**   **No. of study**   **Fixed-effect model, OR (95% CI)**   **Random-effects model, RR (95% CI)**    **Q/d.f.**   ***I***^**2**^  ***P***   **Egger\'s test**
  -------------------------- ------------------ ------------------------------------- --------------------------------------- ------------ ---------------- --------- -------------------
  **Intake means**                                                                                                                                                    
  Total                      3                  0.93 (0.77--1.11)                     0.87 (0.61--1.23)                          6.14/2         67.4%       0.047     0.414
  Dietary                    25                 0.89 (0.84--0.96)                     0.79 (0.67--0.92)                        135.78/24        82.3%       \<0.001   0.006
  **Menopause status**                                                                                                                                                
  Premenopause (DF)          8                  0.83 (0.71--0.97)                     0.78 (0.53--1.14)                         34.66/7         79.8%       \<0.001   0.550
  Postmenopause (DF)         9                  0.85 (0.76--0.95)                     0.73 (0.59--0.92)                         23.68/8         66.2%       0.003     0.014
  **Ethnicity**                                                                                                                                                       
  North American (DF)        8                  1.01 (0.92--1.11)                     0.91 (0.76--1.09)                          22.2/7         68.5%       \<0.001   \<0.001
  Others (DF)                17                 0.81 (0.74--0.88)                     0.73 (0.58--0.93)                        101.75/16         84%        \<0.001   0.223
  **Study type**                                                                                                                                                      
  Population (DF)            13                 0.99 (0.92--1.07)                     0.86 (0.71--1.05)                         73.9/12         83.8%       \<0.001   0.008
  Hospital (DF)              12                 0.70 (0.63--0.79)                     0.67 (0.54--0.85)                         37.03/11         70%        \<0.001   0.529
  **Alcohol adjustment**                                                                                                                                              
  Alcohol unadjusted (DF)    17                 0.88 (0.81--0.94)                     0.74 (0.60--0.92)                        109.57/16        85.4%       \<0.001   0.024
  Alcohol adjusted (DF)      8                  0.93 (0.83--1.04)                     0.84 (0.66--1.06)                         25.25/7         72.3%       \<0.001   0.048
  **Study quality**                                                                                                                                                   
  Higher (DF)                17                 0.90 (0.84--0.98)                     0.76 (0.61--0.94)                        117.28/16        86.4%       \<0.001   0.004
  Lower (DF)                 8                  0.88 (0.79--0.99)                     0.86 (0.70--1.05)                         18.36/7         61.9%       0.010     0.497

Abbreviations: 95% CI=95% confidence interval; DF=dietary folate; OR=odds ratio.

[^1]: These authors contributed equally to this work.
